not form eye tissue. Since Sec5 is a core component 1982) . The Drosophila compound eye consists of 800 unit eyes, called ommatidia, each with a complement of the complex, Murthy et al. (2003) propose that the phenotype associated with the loss of sec5 represents of eight photoreceptor cells. mAb 24B10 staining reveals the morphology of photoreceptor terminals R1-the function of the entire exocyst complex. No functional data in yeast or metazoans so far indicate any R6 in the first optic neuropil, the lamina, as well as R7-R8 in the second optic neuropil, the medulla (Figure role of individual exocyst components independent of the entire complex, suggesting that sec5 mutant phe-1D). 3D visualization of the R7/8 terminal field in the medulla of a control animal reveals a highly regular arnotypes represent a generic consequence of mutations in exocyst members. ray of terminals ( Figure 1E ). The terminals of R7 and R8 synapse in separate layers in the medulla (Fischbach Here, we describe the isolation of Drosophila sec15 mutants in a forward genetic screen designed to idenand Dittrich, 1989; Figure1F). In contrast, 3R41 1 mutant photoreceptors display loss of the regular array of tertify genes that affect synapse development. In contrast to the cell lethality associated with sec5 mutations, minals in the medulla ( Figure 1G ) and highly aberrant R7 and R8 target layering ( Figure 1H ). We next analyzed sec15 mutant photoreceptor neurons are viable and display surprisingly specific defects in a distinct neuwhether these morphological disruptions are the result of long-range growth cone guidance defects or shortronal targeting step. Loss of sec15 does not cause defects in neurite extension, but leads to the formation range wiring disruptions within the correct brain areas. Visualization of the adult optic neuropils with the synof synapses between inappropriate partners, causing a loss of synaptic specificity. Our data indicate that sec15 aptic marker N-cadherin revealed strong morphological disruptions of neuropil shape, but no alteration of their is required for the delivery of specific cell adhesion and signaling molecules required for the establishment of arrangement or size, indicating morphological disruptions only within the neuropils (Figures S1A and S1B in synaptic specificity after the growth cones reach their target regions. They also suggest a model in which subthe Supplemental Data available with this article online) in mutant optic lobes. Visualization of only the R7 photocomplexes of the exocyst perform separable functions.
receptor using R7-specific GFP expression (Lee et al.,
2001) in an eyFLP 3R41 mutant background revealed Results that all observable R7 terminals project into the distal medulla (Figures S1C-S1G). While gross defects in R7 Isolation of Mutations in Complementation
axon outgrowth were not detected, we cannot rule out Group 3R41 more subtle defects that are beyond the resolution of To isolate new genes that play a role in synapse develthe analyses described here. However, our data indiopment or function, we carried out an F1 screen in the cate that axons are not affected in long-range axonal Drosophila visual system . Using pathfinding, axon extension, and the recognition of the the eyFLP system, we created 210,000 flies with eyes correct brain areas or neuropils. Based on our ERG rehomozygous for a randomly induced chemical mutation sults, mutant photoreceptors are able to sense light while the rest of the body is heterozygous (Newsome and depolarize normally after stimulation. Taken toet al., 2000; Stowers and Schwarz, 1999; Verstreken et gether, these data suggest that 3R41 mutant neurons al., 2003) . As shown in Figure 1A , we employed two do not exhibit disruptions in general cellular processes, assays to identify mutations that cause a failure to but exhibit a severe and specific defect of neuronal terevoke a postsynaptic response. To identify mutations minals in establishing a normal, local wiring pattern that affect the accuracy of synaptic contacts (synaptic within their correct neuropils. specificity), we assessed neuronal targeting defects with light microscopy for 450 mutants and synapse formation with electron microscopy for 40 complementaMutations in 3R41 Cause Defects in Synaptic Specificity tion groups ( Figure 1A) .
We selected flies with grossly normal eye morpholTo determine whether R1-R6 photoreceptors display defects in synapse morphology, synapse formation, or ogy that phototax poorly or not at all (Benzer, 1967). As shown in Figure 1B, Figure 2A ). Initially, photoreceptors from the identify mutations that cause a lack of "on" and "off" responses ( Figure 1C, ginning of the second half of pupation (Meinertzhagen Quantitative analysis of terminal number per cartridge revealed that eyFLP; 3R41 mutant laminae have a much and Hanson, 1993). We performed quantitative ultrastructural studies of 1-day-old adults to assess carbroader distribution of photoreceptor terminals per cartridge than wild-type ( Figure 2D , see figure legend), intridge formation and synapse formation. As shown schematically in Figure 1D as well as the control in Figdicating (Figures 2C and 2D) . and 2F, arrows), and at least two of the four postsynapinstar larval imaginal discs containing marked 3R41 mutant clones at the time of axonal outgrowth with a tic dendrites are identifiable in an ultrathin section at most angles. We observed the typical configuration of variety of markers. We did not observe any obvious defects in patterning ( Figure S2 ). Since early developing tetrad synapses in which two T bars face each other and share postsynaptic processes ( Figure 2F ). In mutant photoreceptors are indistinguishable from wildtype and photoreceptors are able to respond to light eyFLP; 3R41 mutant laminae, synapses appear morphologically normal and occur with a similar frequency stimuli (as evidenced by normal depolarization of the ERG), we conclude that the targeting defects are not as in controls (Figures 2E-2G ), indicating that 3R41 mutants have no defect in synapse assembly. The synaptic due to neuronal differentiation defects. vesicle content of mutant terminals appears to be normal, and immunohistochemical analyses of synaptic 3R41 Corresponds to Drosophila sec15 To identify the molecular lesions that underlie the phevesicle proteins including synaptotagmin and neuronal synaptobrevin revealed no altered distribution (data not notypes associated with complementation group 3R41, we performed complementation analysis using deficishown). We conclude that 3R41 mutants exhibit a defect in synaptic specificity, since qualitatively and encies of chromosome 3R ( Figure 3A) . Noncomplementation with Df(3R)e-R1 (93B6;93D2) and complementaquantitatively normal synapses are formed in cartridges containing an incorrect complement of photoreceptor tion with Df(3R)e-N19 (93B8;94A8) define an w50 kb region ( Figure 3A) . We used temperature gradient capilterminals.
Homozygous mutant eyFLP; 3R41 eyes are generally lary electrophoresis to screen this 50 kb interval for point mutations and sequenced cansmooth with only occasional irregularities in the ommatidial array ( Figure S2A ). To ensure that the observed didate genes. We identified two premature stop codons in sec15 at amino acid 135 (3R41 1 ) and 226 (3R41 2 ), defects are not due to secondary defects in photoreceptor specification or differentiation, we labeled third and we renamed 3R41 1 as sec15 1 and 3R41 2 as sec15 Sec15 is conserved from yeast to humans over the Strong morphological disruptions are invariably and selectively seen in clones with marked mutant photorelength of the protein ( Figure 3B ). We were able to rescue the second instar lethality associated with the loss ceptors ( Figures 4A-4C ). Interestingly, areas with no mutant photoreceptors have very subtle or no morphoof sec15 using a 5 kb genomic fragment. Using expression of the sec15 cDNA in eyes in an eyFLP; sec15 logical defects. These areas may contain mutant optic lobe cells despite not having any mutant photoreceptor background, we rescued both the R7-R8 terminal layering defect and the on and off transients of the ERG terminals. Since we use an eye-specific driver to express GFP in mutant cells, the lamina cells that are mu-( Figure 3D ). These data show that phenotypes observed in the mutants are due to loss of Sec15. The tant will not be marked. This finding indicates that the contribution of these cells to the overall morphological identification of mutations in sec15 in a screen for synaptic specificity defects was unanticipated, given the phenotype is minor. We also observed elevated levels of chaoptin in isolated mutant terminals at the clone proposed role of the exocyst in cellular polarization (Nelson, 2003) F] ), but not as broad as mutant laminae generated with the eyFLP system (compare to Figure 2D ). (J) Electroretinogram traces. On and off transients are marked with red arrows. ey3.5FLP control flies exhibit normal depolarization and on/ off transients. Using the eyFLP system, sec15 1 mutant flies have no on/off transients. However, using the ey3.5FLP system, sec15 1 mutant flies have small on/off transients. The ey3.5FLP system is capable of producing mutant flies that have no on/off transients, using mutations in syt, for example. communication). This ensures that the only mutant terless severe, causing small on and off responses to return. Likewise, when only nonphotoreceptor optic lobe minals in the lamina are from photoreceptors. We found that ey3.5FLP; sec15 mutant optic lobes still exhibit cells are made mutant in the photoreceptor-specific sec15 cDNA rescue of the eyFLP; sec15 1 phenotype, neuronal targeting defects ( Figures 4D and 4G) . However, the ERGs exhibit on and off transients, albeit at on and off responses also persist and the R7/R8 targeting defect is greatly reduced ( Figure 3D ). Sec15 reduced size ( Figure 4J ). This clearly indicates that neurotransmitter release persists in photoreceptors lacking must be removed from both populations of neurons (as in the eyFLP system) in order to eliminate the on and Sec15, even though TEM of the laminae of these flies revealed cartridges with abnormal numbers of terminals off responses, indicating that the loss is a cumulative effect secondary to morphological disruptions. Our data ( Figure 4H) . However, the distribution of terminals per cartridge for sec15 mutants was less broad using the argue that Sec15 is required in photoreceptors for correct neuronal targeting, but does not play an important ey3.5FLP system compared to the eyFLP system (Figure 4I , compare to Figure 2D ). These data indicate that role in regulating neurotransmission. Sec15 is required for neuronal targeting in photoreceptors and also serves a function in other neurons. Since
Sec15 Is Expressed in Developing Neuropil
To determine the expression pattern and subcellular loon and off transients in ERGs are field potential recordings of the synchronized firing of postsynaptic cells in calization of Sec15, we generated a polyclonal antibody against a fragment of Sec15 (blue box in Figure the lamina, we suspect that the loss of on and off transients in eyFLP; sec15 1 flies are secondary to the mor-3C). The antibody is specific to Sec15, as staining of sec15 homozygous mutant eye disc clones display a phological defects. If only photoreceptors are made mutant using the ey3.5FLP system, the miswiring is reduction of staining to background levels. exerts a function independent of the exocyst at the and Figure S4) . However, the colocalization of Sec15 and Sec5 is not perfect, leaving subdomains marked neuronal terminal, or its developmental role only represents a specialized task of the complex or subcomplex.
only by anti-Sec15 or anti-Sec5. These data suggest that Sec5 and Sec15 may have common as well as sepTo distinguish between these two possibilities, we investigated the localization of Sec5, Sec6, and Sec8 in arate functions. We subsequently tested the expression patterns of developing neuropil as well as in sec15 mutant clones.
In the developing lamina of the late third instar larva, two other presumed core members of the exocyst, Sec6 and Sec8, using two newly generated polyclonal Sec5 and Sec15 colocalize (Figures 7A-7C ). Both are highly enriched in the developing neuropil, whereas imantibodies (see Experimental Procedures). In adult lamina cartridges, Sec6 immunoreactivity exhibits a very munoreactivity in the functional larval central brain is much lower (Figures 7A-7C, cb) . In the adult lamina, specific pattern that exactly matches the localization of the postsynaptic lamina monopolar cells (cf. Figures Sec5 and Sec15 are coexpressed in cartridges. Sec5 colocalizes with Sec15 to a larger extent than any of S4A-S4D and Figure 1D ). In contrast, the antibody against Sec8 exhibits a punctate staining pattern the other markers tested, including plasmalemmal, synaptic vesicle, or active zone markers (Figures 7D-7F throughout the cartridges that is similar to Sec15 (Fig-ures S4E-S4H (Figures S4I-S4N) . Finally, we performed stainings to examine the localization of Sec15, been associated with cell adhesion molecules (CAMs). Based on our finding of targeting defects for specific Sec6, and Sec8 at the third instar larval neuromuscular junction. As shown in Figure S5 , Sec15 is present in CAMs and signaling molecules, we propose that a vesicular transport mechanism exists to spatiotemporally both boutons and muscle cells, but seems enriched at boutons. In contrast, Sec 6 is highly enriched at the Z target certain CAMs as well as other proteins. Notably, soluble NSF-attachment receptors (SNAREs), which are bands of muscle cells and very weakly present in boutons, while Sec8 is not present in muscle cells or neurequired for most if not all vesicle docking and fusion processes, are unlikely to convey much spatiotemporal rons, but is in a highly punctate distribution in unidentified processes that may be glial projections. These targeting information. This is primarily because targetSNAREs are distributed uniformly over membranes, data are not consistent with a single functional Sec6/ 8 complex.
even though vesicle fusion is restricted to limited subdomains (reviewed in Guo et al., 2000) , as is also the To test whether Sec15 at the photoreceptor terminals affects Sec5, Sec6, and Sec8, we investigated the prescase for the target-SNARE syntaxin in photoreceptor terminals (Hiesinger et al., 2001 ). ence of these proteins in sec15 mutant clones. As shown in Figures 7G-7I , Sec5 immunoreactivity in sec15
Further evidence for targeting defects of a vesicular cargo transport mechanism comes from vertebrate cell mutant clones of photoreceptor terminals in the lamina is markedly reduced and possibly absent in the terculture experiments. Grindstaff and colleagues showed that disrupting exocyst function caused defects in baminals. Likewise, Sec8 immunoreactivity is reduced in sec15 mutant clones of photoreceptor terminals (Figsolateral, but (Zhai et al., 2001) . In Drosophila photoreceptors, the misregulation of CAMs prior to against this possibility. Instead, it suggests that Sec15 participates with Sec5 and Sec8 in a specific developsynapse formation has been previously observed in neurons that lack n-synaptobrevin (Hiesinger et al., mental process. However, the sec15 phenotype is notably more specific than the sec5 or sec6 cell lethality. 1999), and specific vesicles for the targeted transport of synaptic components have been described in mamWhile Sec5 is suggested to have a role in general membrane trafficking (Murthy et al., 2003) , the large number mals (Zhai et al., 2001) . It is not known whether a distinct type of vesicle exists for the transport of CAMs of normal processes we observe in sec15 mutant neurons (cell viability, axon outgrowth, axon guidance, neuand signaling molecules to the developing terminal, but we propose that specific subsets of CAMs are transrotransmitter release, etc.) argues against this being the case for Sec15. This implies that at least Sec5 and perported and integrated into the membrane by Sec15. This is not to say that synaptic specificity is the only haps Sec8 
